The serial application of a stochastic rainfall time series model and a rainfall-runoff model is an effective option in the event when historical discharge records are inadequate for determining quantile flood flows crucial in flood control applications. In this study, the Neyman-Scott clustered Poisson rectangular pulse rainfall model was applied to generate synthetic hourly and daily rainfall time series. This model was evaluated for quantiles for the different areas of Kamishiiba (Kyushu), Naha (Okinawa), and Sapporo (Hokkaido) in Japan. Sets of parameters were determined based on combinations of moments of the historical records. The quantiles of each synthetic time series were compared to the historical counterparts, yielding mixed results. In general, the model proved effective in matching the historical quantile except in periods in which a combination of rainfall sources such as convective, typhoon and/or frontal rainfall was dominant. An ideal combination of historical moments for generating model parameters for the objective was determined for the mentioned study areas, although it is recommended to employ a similar methodical test of moment combinations for regions elsewhere.
INTRODUCTION
Flood control decision variables connected to design and operation depend on an appropriate availability of discharge records. Ideally, such decision variables should be determined based on a quantile of flood discharge. Unfortunately, discharge records may be short (less than 30 years) and/or nonstationary due to land use change and/or river intrusive construction, restricting effective extreme value analysis. Generating this data, via input of synthetic rainfall time series into a rainfall-runoff model provides a valuable option in this case. As such, stochastic techniques based on the point process 1, 2) approach can be employed to generate synthetic rainfall. However, to be applicable in hydraulic design applications, the quantiles of the historical rainfall record should be well represented in the synthetic time series as well. This study emphasizes on the quality of the synthetic quantiles generated by one stochastic rainfall model of interest.
The Neyman-Scott clustered Poisson rectangular pulse rainfall model applied in this study follows the basic formulation of Rodriguez-Iturbe, et al. 3) , NSM here for brevity. Based on a clustered point process 1, 2) approach, this model is theoretically capable of generating time series that are consistent at several levels of aggregation. The NSM was widely studied to model the moment characteristics of historical rainfall records. The matching of the synthetic extreme values to the historical ones however, has been examined less. Unlike previous studies therefore, the emphasis here is to investigate the ability of the NSM to preserve the historical quantile rainfall depths of 1-hour and 24-hour duration, which may be basic information necessary for risk analysis in flood control applications. In so doing, longer NSM rainfall records, although synthetic, can be available as reliable bases of quantile flood events.
The historical data used in this study were obtained from three locations in Japan to incorporate the effect on the rainfall by local conditions such as susceptibility to fronts and/or typhoons. Sixteen yearly records (1988 to 2003) of hourly rainfall were collected from Kamishiiba (Kyushu Island), while 27 years (1976-2002) each of hourly rainfall were collected from Naha (Okinawa) and Sapporo (Hokkaido) as the main historical records of this study. Section 2 of this paper presents a review of the NSM in its governing equations and parameter estimation requirements. The details of the model are limited here, although past studies (Rodriguez-Iturbe, et al. 3) , Burlando and Rosso 4) , Cowpertwait 5) ) present a more thorough discussion. The applications of the model to the above-mentioned study areas appear in section 3, followed by a discussion in section 4. Section 5 presents the conclusions of this study. 
NEYMAN-SCOTT RAINFALL MODEL (1) Governing equations
This version of the NSM consists of five probability distributions, based on Rodriguez-Iturbe's original formulation 3) (see Fig.  1 ). Clusters of rain cells are linked integrally to a storm origin with mean occurrence rate λ, regarded as a Poisson process. Each cluster can have a random number of rain cells described by a geometric distribution (with all clusters containing at least one cell) with mean cell number μ c . Relative to the cluster origin, the random arrival of each cell is based on an exponential distribution with mean displacement 1/β. Each cell has a corresponding independent identically distributed (iid) random intensity and duration, also based on the exponential distribution with mean intensity μ x and mean cell life span 1/η. The total rainfall intensity is then the superposition of the effects of these random cell intensities. 
3)
). 
The previous equations were derived from the method of moments 3) in which: Parameter estimation following the method of moments approach was adopted here although maximum likelihood estimators may be used as well 4) . Nontrivial combinations of Eqs. (1) -(3) are required to form the objective function for the estimation of parameters λ, η, μ c , μ x , and β in NSM. Normally, the system formed by these combinations is solved for the required parameters by minimization.
At least five equations are therefore required in one combination. For the estimation, the objective function was adopted from previous studies 6) to ensure that large numerical values do not dominate the fitting procedure. This objective function appears here as Eq. (4 (1) - (3)). Combinations of Eqs. (1) - (3) are required in (4), depending on the target use of the final NSM. Previous combinations include those employed by Rodriguez-Iturbe et al. 3) , Burlando and Rosso 3) , Cowpertwait, et al. 6) , Calenda and Napolitano 7) , and Favre et al. 8) , to cite a few. For instance, the determination of the five parameters can be based on the basic combination Test Set I (see Table 1 ).
The frequency distributions of the hourly and daily maximum in one month per record of the generated synthetic data should be sufficiently close to those of the historical maxima in this study (see Section 4). Since Eqs. (1), (2), and (3) does not directly employ information from the maxima in the estimation of the parameters, it would be appropriate to assume that Test Set I may not cover this requirement for all possible regional conditions of the selected study areas.
To cover such possible dependencies of the target maxima on the short-term and long-term moments of the historical data, five more combination test sets were adopted, as shown in Table 1 . The minimization techniques adopted here employ the constraints shown in Table 2 . Calenda and Napolitano 7) adopted these ranges in their study on unbiased parameter estimates for the NSM. The application of these ranges in this study include the use of the Nelder-Mead simplex 9) and the Levenberg-Marquardt 9) minimization techniques in tandem for initial and refined estimation, respectively. A sample of the estimated July parameters Test Set I for the three study areas appear in Table 3 . In general, the characteristics of the study areas are manifest through this table of sample parameters (see (1)). For instance, the higher λ and the moderate β in the Kamishiiba region indicates more frequent clusters with moderate gaps between storm birth and rainfall initiation, respectively. When a cluster does arrive in this mountainous region, it is on the average densely packed (high μ c ), with moderate intensity (μ x ) and short duration (η), possibly characterizing the orographic effect. In contrast, clusters are less dense in Naha (moderate μ c ), where the orographic effect is less prevalent. Although clusters are moderately frequent, rain cells occur long after the storm origin arrival, with higher intensity and longer duration, possibly reflecting the relatively high vapor storage capacity in this tropical maritime region. Sapporo historically experiences less rainfall, with relatively low rain cell count, low intensity and short duration. Also, despite the moderate storm frequency, the gap from origin to rain initiation is quite small. Table 4 shows sample moments that were generated for Kamishiiba from the NSM model using TS I parameters for July (Table 3 ). In general, the moments of the historical data were well-maintained in the generated synthetic data.
MODEL APPLICATION
It was necessary to divide the historical records on a monthly basis from June to October, the accepted "rainy season" of Japan. This was done to affect a stationarity of historical data required in the NSM 3) . Parameter sets were then estimated for each combination for each monthly historical record of each study area (see Section 4).
The uniform deviate generator used here was developed from the Park-Miller "minimal standard" generator based on the simple multiplicative congruential algorithm 9) . The inverse CDF method 10) (ICDFM) was used for generating continuous and discrete random variables (through a look-up table implementation of the ICDFM for the latter).
One hundred month-hours of rainfall were then generated for each month (i.e.: 72,000 hours of synthetic records for June, 74,400 for July, etc.). Each synthetic hourly time series was then aggregated for every 24 hours to generate its corresponding synthetic daily time series.
The maxima of each month was searched from each synthetic record and compared to its historical counterpart. A Kolmogorov-Smirnov (KS) test was conducted to check for significance of match. The KS probability P KS of 95% was designated to be the ideal result at which the synthetic maxima and historical maxima were most likely from the same population. The governing equations of the KS test applied here appear in Eqs. (5) This test was performed for each synthetic time series and its corresponding historical counterpart.
APPLICATION RESULTS
The three regions in which the NSM was applied have varying regional rainfall characteristics. Isolated from the effects of most typhoons, the Sapporo area of Hokkaido in Northern Japan has a smaller average rainfall during the rainy season (with a 2-14 mm/day average rainfall during the rainy months of June to October). In contrast, the southern tropical maritime region of Naha in Okinawa is more frequented by typhoons (with a 5-30 mm/day average rainfall during the rainy months). Finally, located closer to Okinawa, the mountainous Kamishiiba region is the area that receives the most rainfall among the three study areas (with a 4-30 mm/day average rainfall during the rainy months). Based on section 2 (2), these conditions directly affected the simulation results.
The mean and variances of the synthetic data match those of the historical records, based on Student's t-tests for significantly different means 9) and F-tests for significantly different variances 9) . The results of these tests were omitted here as this was the expected result in the conception of the NSM. The previously described differing regional conditions appear to have no effect on the proximity of the synthetic moments to the historical moments. This indicates in general that the clustered rectangular rainfall pulses used in NSM can account for the varying rainfall properties inherent in the study areas.
However, not all the maxima of the synthetic records appear to match the maxima of the historical records. Figure 2 shows a sample of Kamishiiba cumulative distributions of historical and synthetic monthly maximum rainfall intensity in which 16 historical monthly maximum were compared to 100 synthetic monthly maximum for the hourly and daily records. KS test results gathered were classified into 3 types. Type I results reflect a 95% KS probability for the hourly and daily maxima, indicating significant similarity between historical and synthetic records. Type II results reflect KS probabilities below 95% for both the hourly and daily maxima. Type III results reflect at least a 95% KS probability for either the hourly or daily synthetic maxima. Table 5 summarizes the results of KS tests for hourly and daily data at the three study regions. Although the majority of the KS results were Type I, most Type II and III results were concentrated in the August-September period of Kamishiiba, and during June and October in Naha. However, during these periods, the arrival and duration of rain cells of a cluster of the present formulation may not be adequate. In particular, during August and September in Kamishiiba, it is possible for the region to experience the usual share of convective rainfall as well as the irregular passing of a typhoon. Under such conditions, the rain cell composition of the historical records is a mix from the two rainfall sources. This affected the maxima of the synthetic record although the synthetic moments were still closely matched to those of the historical records.
Type II and III results were likewise concentrated on the months of June and October in Naha. A similar pattern in which the rainfall seems to be mixed in sources as typhoon and convective rainfall appears to occur in October. However, although typhoons can occur in the rainy month of June over Naha, it is possible that this region also experiences a frontal rainfall source.
Incorporating covariances of higher order may rectify the limitations due to the mix of sources, although an adequate representation of the mixed temporal structure appears to be a more thorough approach. In his formulation, Cowpertwait 5) proposed a cluster composition consisting of so-called "light cells" of long expected duration and "heavy cells" of short duration. This formulation appears to be more appropriate for the mixed-source conditions.
Test IV and VI could not be applied successfully to estimate the NSM parameters from the Sapporo historical data. It appears that the rainfall is poorly correlated at the 48 hour period. Thus, no synthetic records were generated for these combinations. The June synthetic time series of this region were also ignored since the rainfall during this period appeared to be very little and poorly correlated as well.
Although the proposed methodology led to synthetic time series that closely matched the moments of the historical records, a few combinations appeared to yield synthetic maxima that were closely matched to the historical maxima consistently.
However, these ideal combinations did not appear to be consistent for all the regions involved. The reason for this appears to be the varied correlation structure of each regional historical record.
Within a region however, certain combinations seemed to model the maxima better than other combinations. It is thus possible that a dominant correlation structure of the historical record exists for all the months within a region. The ideal combinations appear to be Tests I, II, and V for Kamishiiba, Tests II and III for Naha, and Test III for Sapporo. However, the ideal combination of historical moments to parameterize a NSM that sufficiently and consistently model historical rainfall maxima is not straightforward. The systematic check of combinations conducted here is recommended in future applications.
CONCLUSION
The Neyman-Scott Poisson rectangular pulse rainfall model was applied to generate synthetic rainfall time series for the regions of Kamishiiba, Naha, and Sapporo in Japan. A majority of the resulting synthetic records appear to match the historical moments and maxima. However, the maxima in several months in which the rainfall was due to a mix of sources such as convective rainfall with typhoons and/or fronts were inadequately matched. A more detailed NSM formulation, incorporating two rain cell types with short and long expected durations, is expected to rectify the limitations of the current study.
The concept of an ideal test set for estimating NSM parameters that lead to well-matching synthetic maxima seems ill-advised as of this writing. Although all combinations appear to yield synthetic data with moments closely matching the historical moments, the same is not necessarily true for the case of the maxima. Since a historical data set will have a correlation structure that is more dominant in several aggregation levels, it is also possible to have more than one ideal combination. A systematic check of possible combinations, followed by a KS-test for each synthetic and historical maximum set is thus recommended for regions elsewhere. 
